Introduction
Current diabetes estimates suggest a general prevalence of 6.4% with remarkably higher rates for Europe and North America [1] . About 95% of these patients suffer from type 2 diabetes mellitus (T2DM) [2] . Besides life-style changes, conventional diabetes therapy relies mainly on long-term phar macological treatment. Due to the progressive nature of the disease, most patients eventually require insulin therapy [3] . Initially mainly perform ed for weight loss, bariatric surgery remarkably leads to an improvement and even remission of T2DM before significant weight loss has occurred [4] . In light of this potential, indications for classical obesity surgery are expanded and new techniques implemented, although sufficient animal research is not available at present. The Diabetes Surgery Summit Consensus Conference (New York, 2008) strongly urges more research in this area with emphasis on efforts to advance pathophysiological understanding [5] .
The current hypotheses of T2DM remission after obesity surgery are based on the foregut and hindgut theories. According to the hindgut hypothesis, fast delivery of nutrients to the terminal ileum leads to the secretion of incretins [6] . Today, glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) are thought to be the pathophysiologically relevant incretins in this context [4] [5] [6] . Glucagon-like peptide 1 is known to stimulate insulin release from pancreatic β-cells and inhibit secretion of glucagon from α-cells. Glucagon-like peptide 1 further im proves peripheral insulin sensitivity and promotes β-cell proliferation [7] . Peptide YY lowers gastric and small intestinal motility, resulting in a longer mouth-tocaecum transit time. Peptide YY 3-36 further suppresses appetite and promotes weight loss [8] . The foregut hypothesis, claiming that bypassing the first part of the intestine will lead to reduced secretion of anti-incretins, is pathophysiologically less well characterized to date.
Initially designed as weight loss surgery, an ileal transposition (IT) was performed in Sprague-Dawley rats by Koopmans et al. after having observed notably reduced food intake after jejunal-ileal bypass [9] . The operation physiologically evokes hormonal alterations due to stimulation of enteroendocrine GLP-1 and PYY-secreting L-cells, which are located at a higher concentration in the terminal ileum [10] .
Aim
As the development of the IT operation progresses, the operative technique needs to be more clearly defined. Current rodent studies are mainly based on transposition of the distal 10 cm of the ileum [11] [12] [13] [14] [15] . The aim of the current study was to establish a long segment IT (distal 50% of the ileum, approx. 20 cm) in the diabetic obese Zucker rat, investigating body weight, glucose control and changes in GLP-1 and PYY secretion.
Material and methods

D Di ie et ts s a an nd d a an ni im ma al ls s
Eleven to twelve-week old male diabetic obese Zucker rats (Crl:ZUC-Lepr fa ) were purchased from Charles River Breeding Laboratories (Wilmington, MA). Rats were housed individually and maintained on a 12/12 light/dark cycle with free access to water and rat chow diet (Provimi Kliba AG, Kaiseraugst, Switzerland). Chow contained 24% protein, 4.9% fat, 7% crude ashes, 4.7% crude fibre, lysine (13.6 g/kg), calcium (12 g/kg), methionine (4.5 g/kg) and phosphorus (8.3 g/kg). Rats were fasted overnight before surgery and oral glucose tolerance tests (OGTTs). All animal experimental protocols were approved by the Ethics Committee of the University of Freiburg.
E Ex xp pe er ri im me en nt ta al l p pr ro ot to oc co ol l Rats were purchased and left to acclimatize with free access to food and water for 7 to 8 days. A total of 4 OGTTs were performed to assess glucose metabolism. Relative to surgery, time points were -7, 0, 14 and 20 days (Figure 1 ). The first and third OGTTs included blood collection from the right tail vein for hormone analysis. Before surgery, rats were randomly assigned to the IT or sham surgery group using sealed envelopes. On postoperative day 21, blood for additional hormone analysis was collected simultaneously from the aorta and portal vein. Euthanasia S Su ur rg ge er ry y Animals were fasted for 12 h. Anaesthesia was induced and maintained using isoflurane 2% (Abbott GmbH & Co. KG, Wiesbaden, Germany) and oxygen flow at 2 l/min under spontaneous breathing. After a midline incision of 4-5 cm to gain abdominal access, the total length of the small intestine was determined (86.1 ±6.47 cm, n = 20). Thereafter, Bauhin's valve was identified and the first transection was conducted approximately 5 cm orally. To account for interindividual differences, the length of the transposed segment was defined as one-quarter of the total length of the small intestine (~ distal 50% of ileum). Therefore, the second division of the ileum was performed 20 cm (21.5 ±1.6 cm, n = 20) orally to the first transection. All anastomoses were performed as interrupted end-to-end extramucosal ana stomoses using Prolene 6/0 (Ethicon), as descri bed earlier by our research group [16] .
For IT, the first anastomosis was subsequently formed as an end-to-end ileoileostomy in order to restore ileal continuity, excluding the transposed segment. As the next step, the ligament of Treitz was identified and the jejunum divided 5 cm aborally. The ileal loop was then interpositioned in an isoperistaltic fashion forming two end-to-end anastomoses (Figure 2 ). Mesenteric openings were closed with Prolene 6/0 (Ethicon).
For sham surgery, a division of the small intestine with subsequent anastomoses was performed at the 3 corresponding positions (5 cm and 25 cm orally to Bauhin's valve and 5 cm aborally to the ligament of Treitz) without IT. Fascia and skin closure were performed as a continuous suture using Monocryl 4/0 and Vicryl 4/0. Postoperative analgesia was ensured via subcutaneous carprofen (Rimadyl, Pfizer, Switzerland) injection (4 mg/kg) at the beginning of the operation. Animals were fasted on day 1 after the operation with free access to tap water. Oral food was continuously increased to free access until day 6 (3, 6, 10, 15 g rat chow on day 2, 3, 4, 5 respectively) [16] .
O Or ra al l g gl lu uc co os se e t to ol le er ra an nc ce e t te es st t a an nd d b bl lo oo od d c co ol ll le ec ct ti io on n f fr ro om m t ta ai il l v ve ei in n In total, four OGTTs were performed ( Figure 1 ). The OGTT 1 and OGTT 3, conducted at -7 and 14 days relative to surgery, included a blood sample collection 30 min after glucose load for hormonal measurement. The OGTT 2 and OGTT 4, performed at 0 and 20 days, did not involve blood sampling.
For OGTTs, anaesthesia was induced and maintained using isoflurane 2% and oxygen flow at 2 l/ min under spontaneous breathing. The OGTT was initiated after placement of an orogastric tube (central venous catheter, Arrow International Inc., USA) infusing a 40% glucose solution to a dosage of 1.5 g/kg. Glucose was determined via tail snip at 0, 10, 30, 60, 90 and 120 min using a glucometer (Ascensia Elite, Bayer Corp., Germany).
H Ho or rm mo on na al l a as ss se es ss sm me en nt t For hormonal evaluation, access to the tail vein was gained via a 2-cm incision above the tail vein. Then the vein was dissected and cannulated using a 26 gauge cannula. Blood was drawn via the cannula at 0 and 30 min after oral glucose was given, using tubes containing 10 µl EDTA (Sigma-Aldrich, St. Louis, USA) and 4 µl DPP-4 inhibitor (DRG Instruments GmbH, Marburg, Germany). After centrifugation at 4000 U for 10 min at 4°C, samples were snap-frozen in liquid nitrogen and stored at -80°C until analysis. Insulin, GLP-1 (7-36) and PYY (3-36) were measured by sandwich ELISA.
In brief, for GLP-1 (7-36), samples were added directly to a streptavidin-coated microtitre plate (DRG Instruments GmbH, Marburg, Germany). Subsequently, a mixture of a biotinylated specific GLP-1 antibody and a horseradish peroxidase-conjugated GLP-1 antibody was added to form a "StreptavidinBiotin-Antibody-GLP-1(7-36)-HRP-conjugatedantibody" immunocomplex after incubation. For detection, each well was incubated with a substrate solution and measured in a microplate reader. For PYY (3-36), goat anti-rabbit IgG-coated microplates were used (DRG Instruments GmbH, Marburg, Germany). Determination was based on a competitive immunoreaction between sample PYY and biotinylated mouse PYY with a specific PYY (3-36) rabbit antimouse antibody. Detection was based on HRP substrate reaction. High-range rat insulin ELISA was a solid phase two-site enzyme immunoassay using HRP reaction for detection (DRG Instruments GmbH, Marburg, Germany).
F Fi in na al l b bl lo oo od d c co ol ll le ec ct ti io on n f fr ro om m t th he e a ao or rt ta a a an nd d p po or rt ta al l v ve ei in n Blood sampling from the aorta and portal vein (PV) was conducted at 21 days post surgery. Anaesthesia was induced and maintained as described above. After abdominal access was gained via a midline incision, the aorta and PV were dissected. Blood collection was performed using a 24 and 21 gauge cannula for the portal vein and aorta, respectively. Samples were treated as described above. Potassium chloride was injected intracardially for euthanasia (2 mmol/kg bw).
S St ta at ti is st ti ic ca al l a an na al ly ys si is s Statistical analysis was conducted using Prism 5 for Mac OS X (GraphPad Software, Inc.). Area under the curve (AUC) was applied when comparing OGTTs. Due to incomplete data at 120 min, 90 min AUC levels were used for statistical evaluation. The Mann-Whitney-U test was used for group comparison. Curves were analysed with two-way ANOVA, where applicable. Values of p < 0.05 was considered significant.
Results
G Gl lu uc co os se e m me et ta ab bo ol li is sm m O Or ra al l g gl lu uc co os se e t to ol le er ra an nc ce e t te es st ts s
Oral glucose tolerance tests were conducted with and without simultaneous blood collection. Preoperative comparison of these two groups revealed significantly impaired glucose control when blood collection was conducted simultaneously, although OGTTs were otherwise performed under identical conditions (area under the curve (AUC) pre OP: 564.6 ±268.5 mmol/l × min vs. 230.8 ±91.77 mmol/l × min, p < 0.0001, Table I ). Whereas OGTT 2 and 4 data showed a common glucose peak at 10 min, blood collection delayed the glucose peak to 60 min (Figure 3 ). Further statistical analysis was hence conducted comparing only OGTTs 1 and 3 (with blood collection) and OGTT 2 and 4 (without blood collection) in order to exclude blood collection as a confounder.
Evaluating OGTT 1 and 3, IT animals presented with a significantly reduced AUC compared to preoperative data, therefore showing an amelioration of glucose control as early as 2 weeks postoperatively (AUC: 314.7 ±229.0 mmol/l × min vs. 564.6 ±268.5 mmol/l × min, p < 0.05, Table I H Ho or rm mo on na al l a as ss se es ss sm me en nt t G Gl lu uc ca ag go on n--l li ik ke e p pe ep pt ti id de e 1 1
Ileal transposition surgery had a significant impact on GLP-1 secretion. Glucose-stimulated GLP-1 levels were significantly higher in the IT group compared to preoperative data and to sham animals (18.52 ±14.22 pmol/l vs. 5.07 ±2.44 pmol/l and 5.75 ±3.73 pmol/l, p < 0.01 and p < 0.05, Table II, Figure 4 A) . Sham animals displayed no change in stimulated GLP-1 levels (7.20 ±4.55 pmol/l vs. 5.75 ±3.73 pmol/l, p = 0.606). Unstimulated GLP-1 levels remained unchanged in both groups with no apparent trend. Glucose significantly stimulated GLP-1 secretion only in IT animals (7.50 ±4.37 pmol/l vs. 18.52 ±14.22 pmol/l, p < 0.05, Table II ).
P Pe ep pt ti id de e Y YY Y
Peptide YY levels showed a similar pattern, but revealing distinct differences. Glucose stimulated levels also proved to be higher for IT animals compared to preoperative data and to sham animals (164.0 ±62.26 pmol/l vs. 115.9 ±41.64 and 129.7 ±64.62 Pr re e g gl lu uc co os se e P Po os st t g gl lu uc co os se e P Pr re e g gl lu uc co os se e P Po os st t g gl lu uc co os se e P Pr re e g gl lu uc co os se e P Po os st t g gl lu uc co os se e F Fi ig gu ur re e 4 4. . GLP-1, PYY and insulin levels, determined by multiplex ELISA 2 weeks postoperative. A A -Glucosestimulated GLP-1 levels in the IT group (n = 9) were significantly raised, compared to preop. levels (**p < 0.01), SHAM ( # p < 0.05) and fasted (unstimulated) IT animals ( ‡ p < 0.05). B B -IT animals displayed raised PYY levels compared to SHAM animals ( # Unstim./stim. p < 0.05 for both) and compared to preoperative levels (*stimulated p < 0.05). C C -Insulin levels remained unchanged when compared to preoperative levels and sham animals. D D -Simultaneously determined, portal GLP-1 levels were higher compared to aortic levels in IT animals ( ‡ p < 0.05) 
Discussion
Ileal transposition surgery is an upcoming new procedure targeting the operative remission of T2DM.
Widely accepted, IT overall leads to an amelioration of glucose control based on enteroendocrine hormone stimulation [11, 12, 14, 15] .
Inter-study comparison of single effects of IT is, however, limited since the study design varies considerably and the postoperative time-point of data sampling is particularly relevant due to rapid incretin secretion changes within the first postoperative months. In this respect, Wang et al. noted a continuous increase of fasting GLP-1 levels after IT over a time period of 6 months [15] . In the current study, a long segment transposition was performed with analysis concentrating on immediate postoperative changes.
In University of California at Davis type 2 diabetes mellitus (UCD-T2DM) rats Cummings et al. found a 3-fold increase in stimulated GLP-1 and PYY secretion 1 and 3.5 months after surgery. Furthermore, fasting PYY levels were elevated 8-fold in IT animals [12] . Although a quantitative rise in GLP-1 secretion is well established for most animal models, Patriti et al. could not record a such a change in glucose-stimulated GLP-1 secretion following IT in Goto-Kakizaki (GK) rats, demonstrating a more prolonged GLP-1 response to oral glucose than in sham-operated animals [13] . Culnan et al. conducted a similar experiment in Zucker rats comparing a short (10 cm) IT group with sham-operated animals over an 8-week observation period. Analysing incretins in postoperative week 7, GLP-1 plasma levels were elevated 3-4 fold in this model. After long segment IT, GLP-1 secretion was already elevated 3-fold 2 weeks after transposition. Therefore, the changes in GLP-1 serum levels reported by Culnan et al. were reached 5 weeks earlier, indicating a benefit for long segment IT [11] . Simultaneous analysis of GLP-1 in aorta and portal vein indicate a partly elevated enteric GLP-1 secretion for fasted animals also. This effect, however, is counterbalanced due to the large first-pass effect known for GLP-1, leading to equal peripheral GLP-1 levels in the fasting state [17, 18] . Accordingly, fasting glucose levels remained unchanged in IT and sham animals.
In contrast to GLP-1, fasting PYY levels were also elevated after long segment IT, and glucose could not further increase PYY secretion. Taking into account that GLP-1 and PYY are co-localized in over 80% of L-cell granules, it seems plausible that the mechanism of secretion is similar [19] . Possibly a change in granule composition occurs after IT, indicating alternate regulations of PYY and GLP-1. Cummings et al. noted significantly elevated PYY mRNA expression in the transposed segment, whereas proglucagon mRNA, a precursor of GLP-1, remained unchanged, indicating PYY regulation at an earlier level [12] . Studies show consistent amelioration of glucose control following IT as a result of increased incretin production, yet the quantity of changes reported again varies considerably. Cummings et al. note only a moderate reduction in AUC of 17%, performing an OGTT 1 month after IT [12, 14] . For GK rats, Patriti et al. demonstrated a significant decrease of the AUC compared to sham animals 45 days postoperatively. The fact that glucose control was still equal for IT and sham animals 30 days postoperatively in the same study again indicates that the effect of IT increases in the first postoperative months [13] . In the parallel trial examining Zucker rats, Culnan et al. revealed a 60% reduction of the AUC after OGTT in IT animals 7 weeks postoperatively [11] . Long segment IT led to amelioration of glucose control as early as 2 weeks postoperatively. Restrictively, improvement of glucose control was noted only compared to preoperative measurements. Blood collection from the tail vein led to largely altered, yet reproducible glucose curves. Although blood sampling was performed under general anaesthesia, this effect was most likely due to operative stress resulting from the venesection. Certainly, blood collection and OGTTs should be conducted separately in future trials in order to exclude this confounder.
Insulin levels were determined in IT and sham animals as a direct mediator of glucose control. Interestingly, previous analysis of insulin and insulin action in diabetic animals revealed that the GLP-1 effect after IT mostly relies on improved peripheral insulin sensitivity [14] . Although GLP-1 is known to directly stimulate insulin secretion, insulin levels remained unchanged or even decreas ed after IT, as previously demonstrated for Zucker rats [11, 14] . In our model, transposed animals presented with a 20-30% reduction of insulin secretion compared only to preoperative controls. Apparently, operative trauma and postoperative food restriction still exert a large effect on glucose control during this short observation period. Sham animals hence also presented with partly improved glucose tolerance, therefore diminishing statistical significance when comparing insulin and glucose parameters between sham and IT animals in this early postoperative time frame.
Weight change after IT remains controversial. Initially, IT was considered to achieve similar effects to Roux-en-Y gastric bypass [9, 15] . More recent IT studies in different rodent models, however, consistently reveal no impact of IT on body weight [11] [12] [13] . Our data suggest an impaired weight regain for IT animals in the immediate postoperative period. However, weight curves overall proceed virtually in parallel, thus calling a major impact of IT on body weight into question. The IT group's impaired capacity to regain body weight after surgical trauma seems plausible, since fat resorption is limited after IT due to a truncated enterohepatic cycle, and PYY is known to suppress appetite [8, 20] .
In the current study, long segment IT could be established in Zucker rats. Quantitatively large increases in GLP-1 and PYY secretion were detected early after the operation, consequently leading to rapid glucose control. Changes in GLP-1 secretion and glucose control were similar to Culnan's analysis in Zucker rats, but were detected considerably earlier. It remains to be determined whether adaptive alterations, as suggested by Wang et al. [15] , lead to an additional increase in incretin production in our model, thus clearly demonstrating a superiority of the long segment transposition. Interesting questions regarding the adaptive capacities of the transposed segment as well as pathophysiological changes in peripheral insulin sensitivity remain. Certainly, considerable research is essential before we will be able to safely perform an isolated ileal transposition in humans, since it proves to be a complex metabolic operation.
